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An expert ental investigation was couductod in the Galo 











Ikmorsonic Vind Tamel, Ley tloe 1, to determine gtatic pressure — 
distribution on a cone with re sartivertex ansle at a naninal liaci ~ 
nurber of 5,8. 
Tiuis investigation was co.cerned with the e-fect of hypexsonic 
boundary layemsiiock wave interaction on the precsure at the cone 
surface, Pressure distributions were neasurec for three values rn 
Reynolds muibers per inch and a comparison was made with theors 
calculated pressure distribution. 
_ fie intluence of viscos ity in hypersonic flow was denon 


induced pressure rise of ayproximtely 1.5% above theoretical iiwviscid 





pressurc for the lowest Re:molds nunber tested. 
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LIS? Ob GY TLS 


The subscript "1" wfers to co.iditions in the free stream alead 
of the conical shock, and the subsezipt "2" refers to local conditions 
on the cone surface. Seeds values are denoted by the subscript "0", 
A second subscript "i" yefers to inviscid flow values. 

C be constant of proportionality in viscosityetemerature relation 

AL Ar = 6,(t/To) 


© 4C. specific heats at comswnt pressure and voluwe 


p’ v 

K hypersonie similarity paraneter, Hy 6, 
k coefficiat of thermal conductivity 

i Mach number 

p pressure 


Pr Prandtl nuaber, 0 Mi 


Ro,  keynolds nuiber based on distince x, u x/ 
t absolute temperature 


UgV velocity components parallel and nomial to cone surface, respectivoly 
XyV coordinates parallel and norial to cone surface with orl in at apex 
uf ratio of specific hoate c,/ Cy 


g* bowidary layer displacement taiclness 


r) flow deflection an: le 
9 6 core sermlevertex an:le 


coefficient of viscosit; 


mass density 





A 
p 
A rabio defined by Fae (t) 
% 


4 
induced pressure field parameter, YC) 2 


” ip 





Le LIT:ODUCTIAY 


With the advent of hypersouic fli,ht, attention is quite 
naturally directed to the complicated problems associated with such hivh 
speeds. One aspect of hypersonic flight is the complex "interaction" 
between the viscous and inviscid properties of the Sluid. The boundary 
layer is considerably thicker at lypersonic speeds, and in addition, 
the shock weve lies much closer to the edge of the boundary layer, The 
deflection of the streanlines induced by the boundary layer amounts to a 
significant chanze in the shape of the body, and this in turn affects 
the shane of the shock wavée Because of tie interaction, the actual 
pressure distribution over a body in hypersonic flight nay vary cone 
siderably fron that predicted by inviscid theory. 

The problen of tne effect of tive interaction between shock wave 
and boundary layer has been the subject of a number of theoretical and 
experinmt:l investigations (Cf. Refs. 1 to lh). Since only linited data 
on pressure distributions in the lyypersonic speed range aro available, 
an investigation to detertine the static pressure distribution over an 
uryawed cone was wicertaken. No attempt wos made to formlate new 
theory. 1% was desired to obtain the infomation so that it would be 
avallable for further studies. 

This investication was conducted at a novrvinal Mach number of 5.8 
in Leg No. 1 of the GALCE itjyoersonic Wind Tunnel, The design and 
materials of the model were c:osen so tnat it night later be ea in 


Leg; lion 2, at a Mach nuiber of 10. 





Lie TeULPAST ABD Pic Deets 


A. Vind Tunnel Description 


The experinmtal prosran was conducted in the GALCIT 5° x 5" 
ypersonic Wind Tunnel, Leg iio. 1. This is a continuously operating, 
closed return type tumel with the required cornmrossion supplied by 
five staces made up from thirteen Fuller fotary Compresso7s,. wen 
Tn an additional compressor stave consisting of Ingersoll Recipro= 
cating Compressors may be utilized. The compressors am valvi.ig in the 
systen were operated from a renote antrol pancl adjacent to the test 
SCCULONe 

The air heating systen consisted of a multiple-pass heat exc.ianger 
and used superheated steam as a heating medium, 
| Drying of the air was accomlished by uye of a 2200 pound bed of 
Silica gel. This was reactivated by an intezral blower heater condenser 
system, The maxinum water content was kept below 100 ppa (parts per 
million) by weights 

Oil removal wes accomplished by use of cyclone separators followe 
ing each compression stace and by finely divided carbon canistors, 
porous carbon filter blocks and a fiber glass filter. Te presence of 
oi1 in the air was due to the lubrication system required by the rotary 
compressors. Air used during the tests contained approxinately 205 ppm 
of oil by weicht 

Tne nozzle blocks were designed by the Foolisch method and 
corrected for an estinated boundary layer displacesent wichness. 

Static pressure orifices were installed at one inm intervals alon; the 


top and bottom nozzle blocks, A corparison of the actual pressure in tie 





test rhombus wis nade ulth calibration data fron tumcl-aipty pressure 
OULVOYS e 


A sclwmatic diagram of tne plant is slow in Fig. L. 


B, Instmroentation 


a ee ee 


All static pressures were neasured by a 32-tuve vacuunereferenced 
nanometer using D0-200 silicone fluid. A Tate-[mery nitrojen balanced 
gage measured tumel stagnation pressure; this pressure was controlled 
within =,0) psi by a Mimeapolis Honeywell Brown carntroller. 

Stacnation tenperature was measured by a thermocouple probe located 
one inch upstream of the nozzle U:roat and controlled by a Brown Controller, 
Other temperatures necessary for plant oporation were recorded by a 20 
point Leeds and Northrup recorder, 

A sehnlieren system using a BH=6 steady source was used for the 


senlieren nhotogranhs.e 


Ce. llodel Description ; 


8 


The -_" model was a slender cone with semivertex angle of sn 
Two separate models were nades; both were constructed in the sauce mamer, 
although the orifice locations wore different. Tests were made on both 
modeis; however, all the data presented in this report ware taxen fron 
rs made on the second riodel, 

The model was constructed in two parts, as shown in Figse 2 and 3. 
The conical frustrum was 4.72" long, with larze base diajieter of 1 inci 
and small base diameter of .175 inches. Into the small base could be 


fitted the separete conical tips which were 1 inch in length. The 





overall en th of the assemblod cone wes 5.74 incties. 

A set of five cone tips were nade, four of wiich uad a single 
pressure orifice located at various distances from tie apex. The fifth 
tip had two orifices, The orifice locations, measured along a ray of 


the cone with origin at the vertex, were as follows: 


Orifice Location 


098" 
0128" 
ely" 
2250" 
2392" 
26965" 
1.570" 
2.7680" 
4.000" 


VO On AME WH D-H 


Additional orifices were installed at 90° intervals around the circun- 
ference as shown in Fig. 2. A thermocouple wes located 4.5" fran the 
ADCKe 

Orifice diameters for the cone tips wre of necessity very small, 
ranging, from .004" for the first to .013" for the fifth, Orifices 
installed on the cone frustrum were .027", Specifications are listed in 
Fige 26 

The model was machined from stainless steel, and polished, The 
cone tips were surface finished after assenbly, so that the joint was 
quite smooth, The model was supported by a hollow sting anproxinately 
Uy" Jong and j" in diancter, Tubing was led out through the sting. One 
orifice was installed in the sting very near the base of tne cone to 
detemiine the base pressure. 


The model installed in the tunnel is shown in Fig. he The sting 





was fitted into a colla*w, secured by set screvs, and suspended fron a 
pair of vertical actuntors which could Le positioned by controls outside 
the tunnel, This peniitted the model angle of attack to be adj.isted. 
In adcition a snali adjustment in yaw was possible. 

leak tests were conducted berore each rum. Tine responses of we 


snall orifices were quite longe 
De Tumel Calibration 


Static pressures in the tumel were neasured by orifices installed 
along the top and bottom nozsle blocks, These were conparcd with oriinal 
nozzle calibration data foreach rm, Also swmtic pressure surveys were 
made over the test rhombus to deteriine acial static pressure variitionss 
measurement o! tumel stagnation pressure with the asswaption of isene- 
trozic flow pemitted deteimination of free stiman Hach muaberse 

A plot of tunnel empty static pressure over the region occupied 


by the model is shown in Fig. 12. 
Be ‘test Procedure 
lL. Static Pressure Disiritution 


Tw model was installed on the ture) centerline as show? in Pisce 
4. The distance between ithe base of the cone and the support collar was 
3.5", The orifices located about the circunfererce were used to position 


! 
tne model at zero angle of attack, Tests were conducted as follows: 





yer) P_ (ostke:) ne/in 
; ; 4 
225 3206 L2ed 
225 10 6,6 


A schlieren photograph taken during the test is show in Fige 5. 
2. Additional Tests 


Tests were also conducted witn the model located off the center= 
line and at differmt axial positions, The distance between the base of 
the cone and the collar was at first set at 1.5"; the collar then 
inieta?iod was 1" in diameter, At this position a pressure rise was 
noted over the Last two orifices, A new support collar 3/4" in dianeter 
was installed and the distance from base to collar was increased in 
increneits, Beyond 3.5" there seened to be no eifect on the last two 
orifices so tne cone location was fixed at tiis point, 

Tests at 3 above and below the centerline showed no appreciable 
Change in the pressures sensed at the orifices. 

At P, = 60 psig the angle of attack was varied over a Small range 
or: three de.-rees in one de:ree incronents to detemtine the effect of yaw 


on pressure distribution. 





ic 
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Til. PCUsE ION OF ORE: 
A, Surface Pressure Distribution Data 


The pressure cistributions are presented in Figse 7 t 10. The 
data was plotted in the following manner: first, as the ratio of measured 
pressure vo stagnation pressure versus tne linear distmece alony a ray 
of the conos and second, as tie per cent pressure rise above tie theo= 
retical inviscid pressure versus the parancter 1/ YRex, - Reynolds nua- 
ber was bosed on te local conditions on whe cone ami on the distance 
fron the apex. The theoretical inviseid surface pressure to stacnotion 
pressure ratio was cormuted by taking the tunnel empty curvey data 
corresponding: to a point on the cone and calculating the conditions 
behind the conical snocke. This guve the inviscid pressures showm ‘in 
Figs. 7, 5, and 9 

The plot of induced pressure increrent shows a maximum indnuesd 
pressure rise of approxim.tely 45, for tie lowest Reynolds nwiber tested. 
the scatter at the higuer values of stagnation pressures was mther 
Snall, but was considerably larver at the lovest pressure. Hespouse 
vines were quite long for the tin orifices, requiring approximately one 
hour for each point, 

The plot egainst 1/ Yiex,, seened to bring the data at the various 
Stagnation pressures into food asreenent, However, when extrapolated tw 
infinite Reynolds number, the plot passed slijhtly below the inviscid 
pressure, the initial tests at different axial positions indicaikd that 
the model Support was influencin: the suxface pressure near the base, 
but modification of the support collar and increasing tie distance 


from the cone base to support at least decreased this effect. Altuougn 





Haricins (Ref. 8) indicated that the support interference could possibly 
ve felt for string lengths less than seven inches, the puysical linite 
ations and otuer cousiderntions prevorncted the location af the model with 
tiiis leneth of sting. Base pressures .i.casured during the tests were 
considerably lower than the surface pressures at the orifices nearest 
the base, Hamitt and Bogdonoff (Ref. 5) noted a sinilar effect on 
nressures near the base of a cone during tests in helium at Mach number 
133 it was attributed to trailing edge disturbances propagating forward 
though the boundary layer. 

The t.ickness of the leading edce of a flat plate has been show 
to exert some influence on the induced pressure, Since the effect of 
the radius at the apex of the cone is probably sinilar, a microscopic 
exanination of the cone tips was made which snowed some inaccurecicse 
Some riicrophotographs of the tips are show in Fig. 6. The dianeter at 
the apex of three of the tips was avproxinately .COl"; one had a diaxcter 
of approximately .0015" and the last had a dianeter of 0003", These 
distances were ten to twelve tines the mean free path of the flow at 
P, = 10 psig, except the latter wich was about four times mean free 
path, In addition the a:gles were not exact very near the tip. It is 
considered probable that tiese inaccuracies account for some of the 
Scatter, especially at tie lowest valw for Pye 

The effect of :;a on the cone was least rininized by adjustin, the 
position of the cone so that the pressures at ti.e dianetrical locations 
were equalized, However, a tunnel survey showed that small variations in 


Plow direction existed in the test rhonbus. 





Be. Comarison wi.th Theor; 


A nuxber of attemmts have been made to treat theoretically the 
problem of hypersonic vowidary layerm=shock wave interaction. Lin, 
Schaaf, and Sherman (Ref. 1) developed a simple relation for the induced 
oressure distribution by using, tho linearized solution given by Laitone 
(Ref. 11) for flow over an infinite slender body of revolution, and 
aoplyin; the tangent cone arproximation to the cormosite body of cone 
plus the boundary layer displacenent thickness, ‘Talbot (Ref. 6) con= 
pared their results with data obtained for low density flow over a 5° 
cone at a nominal Mach nusber of 4.0. Tie linitotions of this t.cory 
were quite severe however, and it was not considered applicable to this 
expe rLicnte 

The theoretical work of Lees and Probswin seemed to offera 
better basis for comperison. Probstein (Ref, 9) considered the problen 
of the steady hypersonic viscow flow over an unyawed cone. ‘he case of 
weal" interaction was treated, where it was assumed tiat the shod 
exerted only a small invluence aid the imluced pressure ,raudienis wore 
considered to bo perturbations on a unlfom flow. It was pointed out 
t.at, in general, a rotational characteristics computation vould be 
required to corpute the inviscid pressure field. However, the tanjent 
cone approxination was adopted, and the pressure was written as a 


Taylor's series expansion in powers of dg/dx as follows: 





¥ 2/7, 2 
f - pein ac (F (ae) te, ll d (4) 13 
Ri ae (4: /A) d @ eo ale 2! (Ri /e)\ ¢ ©? mf + (1) 











LO 


The change of displaccnent thickness, dg«/dx, for sero pressure 
gradient was then calculated as the first step in an iteration process. 
dg#/ax was ovtained for a body of revolution by using the Mangler 


transfomiation and wes given by 


Cl gee Me 
a ake Vex, (2) 


where the quantities d, and © g Were the boundary layer parameter defined 
as a function of the ‘pas properties, and tie proportionality; constant 
in the assimed viscosity-temerature relation, respectively. For air, 
Cy was approximately equal to umity (Nef. 10). Also for an insulated 


body with Pr ® .725, d, was give by the approximate relation 
d, = 0556 (¥ - 1)e 


Tt was also pointed out tat the coefficients of dgit/dx in Tye (1) 
could be evaluated numerically fron the inviscid Taylomilaccoll solutions. 
However, for values of the hypersonic similarity paraneter K *°h @ 71; 
aicebraic relations were obtained for the coefficicnts as functions of K 


ad Y « Eqe (1) was then written as follows: 


2 


Po/Po, = 1+ Fy(k) a, XQ + FHK) a” X, (3) 


where X, wes the induced pressure field paraneter defined by 


Xe" Wo “Vie 


The functions Fy (K) and F,(K) were computed and plotted for 
K 20.53 liowever, the avoroxination wes not considered satisfactory for 


K <de 





i 


m 2.2 co 


The eccuracy of the tangent cone appreciation was eicacined boy 
Lees in Ref, 12. By comaring the tangent cone approximation with 
Characteristics solutions a first omer "correction factor", A , was 


evaluated for various values of Ke A was defined by 


« tengent 
tone vt 


.. . 


For purposes of comparison with this experinent, Eq. (4) ws 


applied to Eqe (2), giving (dropping higher omer tems) 


aS fi ee Sa) | (ae 


R; (Ri /A) aed? (5) 
or in tems. of the paraneter on 
d £ io a 
a = 1+ lea) +. om a} X. (a) 


In this exeri ent K = 0.5; in view of the fact that t.e tw:ctions 
Py) ang Po) did not hold for K 21 the coefficients of dy#/dx in 
Fae (1) were calculeted nmerically by Ref. 7e ily and » were based on 
local conditions "far" downstrean from the cone apexe A , obtained 
fron Ref, 12, was 1.19. Eqs. (5a) and (1) (first order tems) are 
conpared with the emerinental data in Fige 11. In veneral the data 
is somewhat higher tnoan theoretical predictions, As mentioned previously 
me cone tips were not perfectly sharps all had finite radii at the apex 
wiich were creater than the nean free path, Hannitt and Bogdonolf in 
Ref, 5 state that the experimental realization of a sharp leading; edse 


might be obtained if the leading edge radius were a small perce tage of 





tee & cow 
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TV. COMCLUSIONS 


fhe results of the investigation of pressure distribution on a 
oe Cone at a nowinal Mach nuaber of 5.8 indicate the following: 

(1) The induced pressure was approxinately L152 greater than 
theoretical inviscid pressure for the lowest Reynolds nwwber tested, 

(2) Tho use of the paraneter 1/ Wren, correlated the data taken 
at various stagnation pressures quite welle 

(3) The neasured pressures nearest the apex were sonewhat hicher 
than theoretically predicted pressures, The unlc:own influence cf tro 
rogion in the immediate vicinity of the apex points to the need for 


further tests to determine this effect, 
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HPOMNDIA A 


ACCURACY JNALISIO 


ilagm3tudes of randon errors wore estinated by considerin; 








reproducibility of observations, sensitivity of the scale, aid associated 
reading errors. For the excrinentally measured quantities these on 


were as follows: 


Measurenent Estinated liaxstmun Error 
Surface pressud, py to.h ma Silicone 
Stagnation pressure, pp less than 0.5% 
Tunnel static pressur, Py £0.2 im Silicone 


The accuracy of the computed values based on estinated errors in 


_ 


> 558 =e F 
| PVs ~ wey 7 
- y Glee’ 





is as follows: 


vantits Naximun Error 
Pressure ratio, Do/P, 22.553 
Pressure ratio, P2,/Po fp ¢ 
Reynolds number, Re “1 % 


¢ te 





16 


Pala 
NOILVTIVISNI TANNOL GNIM DOINOSYSdAH “YUIGXG 11D71V9 JO 
WVYYOVIO DILVW3AHOS 


SYOSS3HdWOO <4 
SYOLOW SS 
SINIVA @ 









<=. — D ! 
IN3A Le 
A) ~~ ve 
a i < 
SNOILO3SS LS3L 
Y31MNs 2c ON 9371 
L31d0uN0 


oT 
a ANVL 
eeiiate 


= —__ IN3A 
| ® IONLNOD 
@+2- 








HOO ALNI 14M VI. re 














= | ON NOD as | HS110d IN ON dD HER e 
“OMG ‘ON 3SUNOD F d¥1ONIYS 3NI3 HSINIS ANIHOVN HLOGR, 
— T3GOW 3YNSS3Yd DliviS 2-914 res 
Tins a Se alive ea eee ee ONLYD a A HSINIS JNIHIOVW HOM! XY 
AG G3AOUddV 


- leat SJHONIOMNDIWN NI SSINHONON BDVINNS JHV VNIDKM % 


Ag GanDaHd 
010° + IVWID30 | G210N 3ASIMAIHLO 63 


2e9soees! LOQTONHOIL*FINULSNI VINUOIITVS ref, FWNOWUDWAs | - SHOIENIMIO Ws 


AG NMVUG HSINI4 oh + UVINONY \ S3HONIE NI SNOISNIMIC 7 ¥ 


tanta) 30 13S) 
dil ANOD 





BUTYS UO Zt0° 
c%0° 
2t0° 
770° 
Z£0° 
Z£0° 
Z£0° 
Z£0° 
9T0O° 

°d°Ou9TO° 


Jeyewetq|xedy wory| "on | *on ce 
BUTGNYT| @eOTITIO iO l= aot ITz0] dtyz 
I IdNODOWNSHL 
, ee eee : 


| = Cpa - 
7-7 | 
OO tae 


@> (4 DEERBESDEeEDW Z C 
LLL WILL Lites; 7) ae | 


— 


AZZ LATE 
Bn ee 


=e) S'| 
= 


RE ere ee Ov er, ee cee Ta 





AN MFINO MONO 
AN Ost UIST 
eu0 




















Qa Ge Ge ee. eb Se GS. GS. Ge 


Wl 


a oy 





V-V NOILO3S | 








18 





Fig. 3 STATIC PRESSURE MODEL 





Fig. 4 STATIC PRESSURE MODEL IN HYPERSONIC TUNNEL 
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Fig. 6(a) Fig. 6(b) 
Tip No. #l Tip No. #2 
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Fig. 6(b) Fig. 6(d) 
Tip No. #3 Tip No. #5 
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